Abstract. Recent scientific advances have revealed the identity of several enzymes involved in the synthesis, storage and catabolism of intracellular neutral lipid storage droplets. An enzyme that hydrolyzes stored triacylglycerol (TG), triacylglycerol hydrolase (TGH), was purified from porcine, human and murine liver microsomes. In rodents, TGH is highly expressed in liver as well as heart, kidney, small intestine and adipose tissues, while in humans TGH is mainly expressed in the liver, adipose and small intestine. TGH localizes to the endoplasmic reticulum and lipid droplets. The TGH genes are CMLS, Cell. Mol. Life Sci. 61 (2004) 
quantities of triacylglycerol (TG) as a reservoir of fatty acids for oxidation in the working muscle [4] . Low-density lipoprotein (LDL) uptake and accumulation of neutral lipids by macrophages at the site of vascular injury promotes the development of atheromas [5] . The liver has adapted so that TG is stored in advance of its repackaging as lipoprotein particles, thereby regulating the rate of assembly and secretion in concert with the energy needs of the body [2] . Following a meal, the liver accumulates fatty acids from the circulation and stores them as TG. Later, in the post-absorptive state, stored TG is released by the liver as very low density lipoprotein (VLDL) [6] . White adipose tissue is quantitatively the most important tissue for the storage of TG. It serves as a reservoir for excess energy, as a heat insulator and now is recognized as an endocrine organ important to the regulation of energy intake through the secretion of hormones such as leptin, among others [7] .
Intracellular lipolysis of stored TG

Adipose tissue
In order to derive energy in times of metabolic need, free fatty acids must be released from stored TG. Intracellular lipolysis in adipocytes is well described and may be grouped into two classes, hormonally regulated lipolysis and the relatively uncharacterized basal lipolysis. In the adipocyte, hormone-stimulated lipolysis is catalyzed by hormone-sensitive lipase (HSL) that hydrolyzes cholesteryl ester (CE), as well as TG to diacylglycerol (DG) and DG to monoacylglycerol (MG) [8, 9] . HSL is activated by lipolytic hormones such as catecholamines and glucagon, by a mechanism that involves a hormone/G-protein-induced increase in cyclic adenosine monophosphate (cAMP) that activates cAMP-dependent protein kinase (PKA) to phosphorylate HSL [10, 11] . Phosphorylation of HSL not only increases the activity of the enzyme but also causes HSL to translocate from the cytosol to the lipid droplet [12] . The mechanism of lipolytic stimulation also involves the lipid droplet surface protein, perilipin, which acts as a barrier in nonstimulated cells, preventing HSL access to the lipid droplet [13] . Perilipin overexpression promotes TG storage and decreases the rate of TG hydrolysis [14 -16] . PKA phosphorylates perilipin and stimulates lipolysis, whereas mutation of the PKA phosphorylated sites on perilipin abolished the ability of lipolytic hormones to stimulate lipolysis [15, 17] . Targeted deletion of the murine perilipin gene resulted in a lean mouse with higher rates of basal lipolysis and blunted hormone-stimulated lipolysis [18, 19] . Together, these results demonstrate that perilipin influences the ability of HSL to interact with the lipid droplet. Previously, it was observed that differences in the rate of basal lipolysis among various fat depots in the rat paralleled the amount of HSL protein found in the respective fat depot [20] . Therefore, it was a surprise that HSL was not absolutely required for TG lipolysis in the adipose tissue from HSL null mice. Though hormonal stimulation of lipolysis was blunted both in vitro and in vivo, targeted deletion of the HSL gene reduced basal TG lipolysis 50 %, indicating that substantial residual TG lipase activity remained in HSL null adipocytes [21, 22] .
Liver
The liver has the ability to store neutral lipids within droplets in the cytoplasm or secrete them into the circulation as apolipoprotein B (apoB)-containing VLDL particles. Several excellent reviews regarding the mechanism of VLDL assembly and secretion have been published 1634 V. W. Dolinsky et al.
Triacylglycerol hydrolase: role in intracellular lipid metabolism [23 -25] . ApoB is translated on endoplasmic reticulum (ER) membrane-associated ribosomes. Hepatoma cells that require incubation with fatty acids in order to secrete lower-density apoB particles assemble fully lipidated particles in two distinct steps [26 -28] . In the first step, apoB is partially lipidated with a small quantity of TG, CE, phospholipids and cholesterol forming a dense particle. The subsequent addition of the bulk of the neutral lipid to the small dense apoB particle results in a very low density apoB particle that is secreted into the circulatory system. The transcription and translation of apoB is continuous so that newly synthesized apoB is always available for assembly with lipids for secretion [29] . Translated and translocated apoB is also subject to intracellular degradation [30 -32] . Lipid availability determines the percentage of apoB that is assembled into secretion-competent lipoprotein particles versus that which is misfolded and targeted for degradation [29, 30, 33] . A non-apoB-associated neutral lipid droplet that was identified by electron microscopy within the lumen of the smooth ER is thought to be a source of the bulk of the lipid for the nascent apoB particle [34] . The bulk lipidation of apoB has been reported to be complete before entering the Golgi apparatus in primary hepatocytes and in the rat hepatoma cell line McArdle RH7777 [35 -37] . Exogenous fatty acids taken up by the hepatocyte are not directly utilized for TG secretion, but enter the intracellular storage pool as TG [38] . TG stored within the cytoplasmic lipid droplet of the hepatocyte is an important source of lipid for the lipoprotein particles that are secreted from the cell [6] . Several groups, using different experimental approaches, have quantitatively determined that the TG storage droplet within hepatocytes undergoes a cycle of lipolysis followed by reesterification. Wiggins and Gibbons [39] prelabeled the stored TG of cultured primary rat hepatocytes with 3 H-oleate and 14 C-glycerol and observed the distribution of the labeled TG over a subsequent 24-h chase period in the absence of exogenously supplied fatty acids. Two significant observations were made by this study: (i) A 70 % decline of the VLDL-TG 14 C label indicated that the original TG-glycerol pool was diluted with unlabeled glycerol and (ii) the quantity of hydrolyzed TG that returned to the intracellular storage pool amounted to 1 pool per day, which was estimated to be 2 -3 times greater than required to maintain TG secretion. Since the original TG-glycerol pool was diluted with unlabeled glycerol, lipolysis and reesterification appeared to be essential for VLDL-TG assembly. Lankester et al. [40] used a dual labeling technique to differentiate between the incorporation of acyl chains into TG that were derived from exogenous and endogenous fatty acids. The authors observed exogenous 14 C fatty acids contributed only ~17% of total acyl chains secreted as TG, indicating that the majority of the acyl chains were derived from the prelabeled cytoplasmic TG stores. Studies by Yang et al. [41, 42] showed that 60 -70 % of secreted TG was derived via lipolysis to DG followed by reesterification and 30 -40 % of secreted TG could have been derived from de novo TG synthesis. Overall, the data are consistent with a proportion of the TG stored within the liver undergoing lipolysis to DG/MG and then undergoing reesterification to form TG that is secreted as VLDL, or returned to storage pools in a futile cycle. The hepatoma cell lines McArdle RH7777 and HepG2 primarily secrete TG that is derived from newly synthesized TG and are deficient in the mobilization of TG from the intracellular storage pools [43, 44] . Expression of the cytosolic lipase, HSL, in HepG2 cells directed fatty acids derived from labeled intracellular TG stores into the oxidative pathway as opposed to the secretory pathway [45] , indicating that the subcellular localization of lipases may determine the fate of the lipolytic products. Furthermore, inhibition of lysosomal lipase by chloroquine did not affect the lipolysis of intracellular stored TG [39] . Since apoB-containing lipoproteins are assembled within the ER lumen, it is likely that the synthesis of TG for VLDL assembly must be directed towards that compartment. A lipase that mobilizes intracellular stored TG would likely be located within the ER in order to channel lipolytic products towards resynthesis to TG at the site of VLDL assembly. To that end, two candidate lipases localized to the microsomal fraction of the liver have been identified and termed a triacylglycerol hydrolase (TGH) [46] and arylacetamide deacetylase (AADA) [2] . The transfer of fatty acids into the ER lumen may occur by several possible mechanisms. One possibility is that lipolysis occurs at sites where the ER membrane is in contact with lipid droplets [47, 48] . At these contact points, lipolytic products would have increased solubility within the ER membrane and would be preferentially selected by the synthetic enzymes located within the ER membrane as opposed to being directed towards the oxidative pathway in the mitochondria [2] .
Purification, enzymology and structure of TGH TGH was initially purified from porcine liver microsomes [46] . Purified TGH had a high specific activity towards short-chain TGs and lower activity towards longerchain substrates [46] . It did not hydrolyze phospholipids or acyl-CoA thioesters [46] . Divalent cations were not required for optimal lipolytic activity of TGH. The lipolytic activity of purified TGH was inhibited by the serine-modifying chemicals diisopropyl fluorophosphate, diethyl-pnitrophenylphosphate (E600) and tetrahydrolipstatin, indicating that TGH is a serine esterase [46, 49] . Amino-terminal sequences of the purified porcine TGH were found to be identical to that of porcine proline-bnaphthylamidase [50] , which belongs to the carboxylesterase family of enzymes (EC 3.1.1.1). Several isoforms of carboxylesterases have been identified in mammalian tissues. These enzymes that hydrolyze chemically diverse substrates, including lipid esters and xenobiotic compounds, have been shown to have distinct biochemical, immunological and genetic properties (for a detailed review of carboxylesterases see [51] ). Our group has cloned human [52] , murine [53] and rat [44] TGH complementary DNAs (cDNA) that encoded mouse and rat proteins of 565 amino acids and a human protein of 568 amino acids ( fig. 1 ). BLAST searches of GenBank and EMBL databases revealed that TGH is orthologous to the liver carboxylesterases of other species [51, 53] . The murine and human TGH proteins share 92 % identity, and rat and human proteins share 93 % identity at the amino acid level. The amino acid sequence of TGH has minimal identity to previously identified lipases, but more than 70 % identity to carboxylesterases [53] . Further, phylogenetic analysis revealed that the TGH protein belongs to the CES1A class of carboxylesterases [51] . An alignment of orthologous murine, rat, rabbit, monkey and human TGH amino acid sequences showed that catalytic residues are conserved among a variety of mammalian species ( fig. 1 ). TGH expression was immunodetected in livers from humans, rats, mice, hamsters and cows [49] . Given the number of different carboxylesterase proteins that have been described by different groups, a confusing number of names have been given to the TGH protein. For example, the carboxylesterase protein that is identical to rat TGH has been referred to as RL1 [54] , ES10/pI 6.1 esterase [55] , hydrolase A [56] and neutral cholesterol esterase [57] . For simplicity, we will refer to these identical proteins as TGH. Several distinct structural and functional lipase/esterase motifs in the TGH amino acid sequence are apparent. The protein sequence has an N-terminal 18-amino acid signal peptide that directs protein synthesis into the lumen of the ER where TGH has been immunodetected [46, 49] . The signal peptide is removed once inside the lumen by an ER-resident signal peptidase, as indicated by N-terminal sequencing of the purified protein [46] . The Ser221, Glu353 (354) and His466 (468) residues are highly conserved ( fig. 1 ) and are predicted to form the TGH catalytic triad [51, 53, 58] . Two potential N-glycosylation sites were identified at Asn79 and Asn489 in the murine and rat TGH, while the human protein contains a single Asn79 glycosylation site. The mature sequence of murine TGH contains four Cys residues, while the human TGH encodes an additional Cys at residue 390. The deduced protein sequence also contains a hydrophobic stretch of amino acids 414 -429 that may be involved in lipid binding [59 -64] . The C-terminal sequence HAEL in rat TGH has been proposed to function as the ER retrieval signal [65] . Similarly, the mouse HVEL and human HIEL C-terminal sequence TGH may be responsi- 2). The modeled structure shares the overall folding and topology of the proteins identified in the recently published crystal structures of the rabbit [66] and human [67, 68] carboxylesterases. TGH has a three-dimensional a-b hydrolase fold that is a structural feature of all lipases [69] . In general, the structure of TGH may be viewed as comprising a central catalytic domain surrounded by a-b and regulatory domains [66 -68] . In essence, the a-b hydrolase fold consists of a central bsheet surrounded by a variable number of a helices and accommodates a catalytic triad composed of Ser, His and a carboxylic acid. The residues that compose the catalytic domain of human TGH are very highly conserved among orthologous TGH proteins from different species ( fig. 1 ). This suggests that the catalytic function of these proteins is conserved across species. We have recently shown that mutation of any of Ser221, Glu354 or His468 of the human TGH to Ala abolishes TGH esterase activity [58] . Indeed, the role of these residues in catalysis is consistent with their orientation within the active site as suggested by our modeled structure of human TGH [58] and the crystal structures of rabbit [66] and human [67] carboxylesterases. The catalytic triad is located at the bottom of a deep active site cleft approximately in the center of the molecule and comprise a large flexible pocket on one side of Ser221 and a small rigid pocket on the opposite side ( fig. 2 ).
The orientation and location of the active site provides an ideal hydrophobic environment for the hydrolysis of a wide variety of hydrophobic substrates. The small rigid active site pocket is adjacent to the oxyanion hole formed by Gly142/143 and is lined by several hydrophobic residues [67] . Short acyl chains would be easily accommodated within the small rigid pocket. The larger flexible active site pocket is lined by several nonpolar residues and could accommodate larger or polycyclic molecules such as cholesterol. The large pocket is adjacent to a sidedoor secondary pore that would permit small molecules (substrates and reaction products) to enter and exit the active site [67] . Longer acyl chains may be oriented for catalysis in such a way that they extend through the side door. Indeed, the presence of a hydrophobic residue at po- sition 423 in mouse and 425 in human is necessary for efficient hydrolysis of hydrophobic substrates, as mutation of Met present in position 423 of the related rat lung carboxylesterase to Ile increased the carboxylesterase activity towards a more hydrophobic substrate without affecting activity towards short-chain esters [70] . According to the X-ray crystal structure of the human carboxylesterase, this residue lines the flexible pocket adjacent to the side door [67] . Given the wide range of substrates that carboxylesterases are known to hydrolyze, the large flexible pocket confers the ability to hydrolyze many structurally distinct compounds, whereas the rigid pocket is much more selective with regard to the substrates that may be accommodated. TG hydrolysis by TGH follows a two-step process that is supported by structural data [66] and is described for enzymes containing the a-b hydrolase fold by Ollies et al. [71] . Glu354 in TGH forms a low-energy hydrogen bond with His468 that facilitates proton transfer from His468 to Ser221 and nucleophilic attack by the Ser221 residue through stabilization of the tetrahedral intermediate. In addition, weak hydrogen bonds between peptide N-H bonds of Gly141 and Gly142 act to stabilize the tetrahedral intermediate. In the second stage of catalysis, a proton is removed from His468, thereby forming an acyl-enzyme intermediate at Ser221. Once the alcohol product is released and substituted by a water molecule within the active site, a hydrolytic step occurs to release the fatty acid. Compounds other than water can attack the acyl-enzyme intermediate, leading to trans-esterification rather than hydrolysis (see below). The entrance to the active site cleft of human TGH is surrounded by several a helices that define the regulatory domain that controls access of substrates to the TGH active site. a helix 1 (residues between Cys87 and Cys116) closes over the active site cleft and acts as a lid (figs 1, 2). The amino acid sequence of the lid domain is highly conserved among orthologous TGH proteins, suggesting that it is necessary for TGH activity ( fig. 1 ). The lid domain plays a vital role in lipolysis at the the lipid-water interface, by interfacial activation. In the absence of lipid-water interface the active site is covered by the lid. In the presence of hydrophobic substances the lid is opened and the catalytic site becomes accessible to the substrate. Interfacial activation kinetics were observed for both porcine and human TGH [46, 52] . The a helix 13 contains a neutral lipid binding motif that is a potential determinant of the affinity of TGH for lipids (figs 1, 2). The FLXLXXXn (n = nonpolar amino acid residue) motif is present in several proteins that bind lipids [59 -64] . The FLDLIADV lipid binding sequence is present in human TGH and shows conservation among orthologous TGH proteins ( fig. 1 ). Four cysteine residues were identified in the mature mouse and rat TGH, and five in the human.
Crystal structures indicate that Cys87 and Cys116 form one disulfide bridge and Cys273 and Cys284 form another disulfide bridge that stabilize the protein structure [67] . The Cys87-Cys116 disulphide bridge stabilizes the lid over the active site, contributing to substrate specificity and is apparently necessary for activity [67] . Because of these disulfide bonds, expression in Escherichia coli resulted in an inactive protein [52] , as did expression in cytosol in mammalian cells by deletion of the signal sequence [unpublished results].
Enzymatic activity of TGH
The mammalian carboxylesterases compose a large multi-gene family that are characterized by their role in drug metabolism and detoxification and their ability to hydrolyze ester, thioester or amide bonds [51] . Some carboxylesterases were also shown to bind and retain proteins within a specific subcellular compartment [72] [73] [74] .
Becker et al., [75] claimed that human TGH exhibited acyl-CoA:cholesterol acyltransferase (ACAT) activity, although subsequent studies have demonstrated that other proteins are responsible for catalyzing cholesterol esterification [76, 77] . Some rat carboxylesterases have been implicated in the hydrolysis of retinyl esters [78] . A rat carboxylesterase, identical to rat TGH, exhibited a fivefold increase in CE hydrolysis activity in the isolated cytosolic fraction when its cDNA was expressed in Cos-7 cells [57] . McArdle RH7777 cells require incubation with fatty acids in order to secrete lipids, unlike hepatocytes that continue to secrete lipids after fatty acids are withdrawn from the media [44] . Since McArdle RH7777 cells are deficient in the mobilization of TG from the intracellular storage pool [44] , it is likely that fatty acids are trapped in the intracellular storage pool because these cells do not express TGH [44, 49] . Rat TGH cDNA stably transfected into McArdle RH7777 cells resulted in depletion of the intracellular TG stores at a level two-fold higher than empty vector-transfected cells [44] . In addition, the secretion of TG into the medium was increased by 25 %, and the secretion of apoB100 in the VLDL range was increased in rat TGH-transfected McArdle RH7777 cells compared with empty vector-transfected cells [44] . Moreover, inhibition of lipolysis by the irreversible serine esterase inhibitor E600 and by a specific TGH inhibitor, 4,4,4-trifluoro-2-[2-(3-methylphenyl)hydrozono]-1-(2-thienyl)butane-1,3-dione, reduced the secretion of TG and apoB by primary rat hepatocytes and TGH stably transfected McArdle RH7777 cells [79] . The inhibitors had little effect on endogenous lipolytic activity in mocktransfected McArdle RH7777 cell microsomes, indicating the transfected TGH was the most active neutral lipase present [79] . Collectively, the evidence demonstrates that TGH is involved in the lipolysis of stored TG. Recently, several reversible inhibitors of TGH were iden- [80] . Others have identified tacrine derivatives that selectively inhibit human TGH but not other carboxylesterases [68] . The therapeutic potential of these compounds remains to be addressed. In our hypothetical model of TG mobilization for VLDL assembly, TGH acts to hydrolyze TG in lipid storage droplets that are associated with the ER (fig. 3) . The luminal lipid droplet is derived from de novo synthesized TG and from cytoplasmic TG stores in a process that involves microsomal TG transfer protein (MTP). Lipolysis of TG to DG/MG would make the lipolytic products more soluble in the membrane, thereby facilitating the efficient transfer of the acylglycerols for resynthesis to TG by luminally oriented acyltransferases and assembly into the nascent lipoprotein particle ( fig. 3 ). TG that is not assembled onto apoB may be returned to either cytosolic or luminal storage pools in a futile cycle. Alternately, TGH may access TG from the cytosol-oriented ER-associated lipid droplet. Since TGH is luminally oriented, the mechanism via which the enzyme could access a cytosolic lipid droplet is not as obvious. It has been suggested [2] that this could occur after fusion of a cytosolic lipid droplet with the cytosolic leaflet of the ER membrane bilayer, as depicted in the figure 3. The released fatty acids and partial acylglycerols may then serve as substrates for luminal TG synthesis or VLDL assembly. In addition to its ability to hydrolyze lipids, TGH has been implicated in xenobiotic metabolism. TGH is one of a number of hepatic enzymes that can synthesize fatty acid ethyl esters in vitro, which are toxic metabolites of chronic alcohol consumption [81 -83] , as well as generate the toxic cocaine metabolite cocaethylene that is formed when cocaine and alcohol are taken together [84] . The X-ray crystal structure of human TGH bound to cocaine and heroine analogs provided structural insight into the ability of TGH to hydrolyze and inactivate these chemicals [67] . A great deal of effort has been placed on enhancing the cytotoxicity of the antitumor pro-drug irinotecan. The in vivo activation of irinotecan to the topoisomerase I inhibitor SN-38 (ethyl-10-hydroxycamptothecin) is catalyzed by carboxylesterases. Overexpression of human and murine TGH resulted in increased activation of irinotecan to SN-38 and enhanced cytotoxicity in a variety of tumor cell lines [85 -87] . However, these studies also showed that there are hepatic carboxylesterases with higher irinotecan hydrolytic activity than TGH.
TGH gene and the carboxylesterase gene family
Both the murine [54] and human [88, 89] TGH genes span ~30 kb and contain 14 exons. Recently, sequencing of the mouse and human genomes were completed, enabling detailed sequence comparisons. The previously published sequences of the individual exons, splice junctions, size of the introns and restriction sites within the murine and human TGH genes are consistent with their respective genes sequenced by the mouse and human genome projects. Therefore, the organization of the TGH gene is evolutionarily conserved in mice and humans. Previous studies have mapped the human carboxylesterase gene to chromosome 16 at 16q13 -q22.1 [90, 91] . This region is syntenic to a region of mouse chromosome 8 at 8C5 [90] . The murine carboxylesterases Es22 [92, 93] and Es1 [94, 95] genome sequencing project unambiguously demonstrated that the murine TGH gene was located on the minus strand of chromosome 8 at 8C5 in a cluster of six carboxylesterase genes that spans 260.6 kb in total ( fig. 4) . These six carboxylesterase genes are presumed to have originated from repeated gene duplications of a common ancestral gene that encoded a carboxylesterase [88, 96] , and subsequent evolutionary divergence occurred. Evidence for their common ancestral origin comes from the shared structure and size of these genes. These genes encode proteins with significant identity to the other carboxylesterases encoded by genes within the cluster. The proteins encoded by Es22 [93] and CES1 [97] 2310039D24 Rik has identity to the 305 C-terminal residues of murine TGH, but does not contain the GXSXG catalytic serine motif. If this protein is expressed in a cell, it would not be expected to have esterase activity, and its putative function is obscure. The Ser, Glu and His catalytic residues were conserved in the remaining five carboxylesterase genes in the cluster, suggesting that they all have esterase activity [51] . The Es1 gene is composed of 13 exons and 12 introns, lacking an exon that encodes a loop and b sheet in the other carboxylesterase genes ( fig. 5 ) that form a portion of the active site cleft in the structure of TGH [67] . It is predicted that Es1 has a smaller active site cleft, making Es1 much more selective towards substrates that may be accommodated within the active site than the other carboxylesterases encoded by the gene cluster. In addition, the C-terminus of Es1 lacks an ER-retrieval sequence, causing the Es1 protein to be secreted, as has been demonstrated [98] . The most diverged region among the proteins encoded by the genes in the carboxylesterase cluster is located in the neutral lipid binding domain (NLBD) represented by the a helix 13 (figs 1, 5). a helix 13 contains an FLXLXXXn motif in human TGH and LFQXLXXXn motif in murine TGH. This motif has been proposed to function in binding neutral lipids [58] . TGH, Es22 and CES1 are the only carboxylesterase genes in the cluster that encode a protein with similarities in the NLBD ( fig. 5 ). Divergence in amino acid sequence among the murine carboxylesterases is also observed in the lid domain. The variability of amino acids in the NLBD and lid domains may be responsible for the differences in substrate selectivity and inhibition profiles of carboxylesterases encoded by genes in this cluster. At the moment, there is no experimental evidence that any of these carboxylesterases, besides TGH, hydrolyze lipid substrates or mobilize TG stored within the liver for secretion. To measure the messenger RNA (mRNA) expression of individual carboxylesterases, reverse transcription polymerase chain reaction (RT-PCR) assay was designed that could accurately distinguish between TGH and the most closely related murine carboxylesterases, Es22 [93] and CES1 [97] . The ability of the specific primer set to amplify a target sequence was determined utilizing 20 ng of the isolated cDNA sequence and reverse-transcribed liver mRNA. TGH-specific primers amplified the target sequence only from the murine TGH cDNA and a hepatic cDNA library and not murine Es22 or CES1 cDNAs ( fig.  6A ). Amplification of TGH was confirmed by sequencing the PCR product. In addition, Es22-and CES1-specific primers only amplified their respective cDNAs (table 1, DGAT1F  5¢-ATTCACGGATCATTGAGCG-3¢  DGAT1R  5¢-CTGCCATGTCTGAGCATAGG-3¢  DGAT2A  5¢-CTACGTTGGCTGGTAACTTCC-3¢  DGAT2B  5¢-AACCAGATCAGCTCCATGG-3¢  CES1F  5¢-CTATTCTTCCATGATGTGGCTCTGTG-3¢  CES1R  5¢-CAAACATGACTGGGCCTCCTG-3¢  Es22F  5¢-CCTGTAGCCTCCTACCATGTGC-3¢  Es22R  5¢-GGGTGAGGCTGACAGAGTC-3  TGHF  5¢-CACTGCTGCTCTGATTACAACAG-3¢  TGHR  5¢-GCCTTCAGCGAGTGGATAGC-3¢  CYC1A  5¢-TCCAAAGACAGCAGAAAACTTTCG-3¢  CYC2B  5¢-TCTTCTTGCTGGTCTTGCCATTCC-3¢ CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 1641 Figure 5 . Alignment of amino acid sequences of proteins encoded by the genes in the murine carboxylesterase gene cluster. The murine TGH single-letter coding sequence is shown at the top. The sequences for Es22, M-LK, CES1 and Es1 are aligned below. Amino acid residues identical to the murine TGH are represented by an asterisk. Nonaligned residues are indicated by their single-letter amino acid symbol. Boxed residues indicate highly conserved residues. NLBD, putative neutral lipid binding domain; 1, GXSXG catalytic serine motif; 2, catalytic glutamic acid; 3, catalytic histidine.
pression of individual hepatic carboxylesterases. The ability to distinguish between individual carboxylesterase genes will be useful as we begin to explore whether hepatic carboxylesterases, in addition to TGH, hydrolyze stored lipids and examine whether these carboxylesterase genes are subject to individual mechanisms of regulation.
Tissue expression of TGH
TGH mRNA and protein are expressed predominantly in the liver, with lower levels in adipose, small intestine, kidney and heart [53] . TGH transcripts and protein were not detected in brain, spleen or skeletal muscle. These results agree with previous studies that have detected the highest level of TGH transcripts and protein in the liver [54, 56, 87] . In addition, lower levels of TGH transcripts and protein were detected in macrophages [99] , heart [56, 87] , kidney [87, 100] , intestine [87] , testis [87, 101] and adipose tissues [74] .
Function of TGH in the liver
The high level of TGH expression within the liver is consistent with our hypothesis that TGH is involved in the mobilization of intracellular TG stores for VLDL secretion [44, 79] . Rat TGH could only be detected in liver parenchymal cells, but not Kupffer or endothelial cells [102] . Immunocytochemical studies localize TGH expression exclusively to adult hepatocytes surrounding the capillary vessels leading to the central vein [49] . This region of the liver is most likely to be active in lipoprotein production and secretion. The primary hepatocyte model is a well-characterized model for measuring the contribution of the lipolysis and reesterification pathway to TG secretion [2, 39] . We determined by RT-PCR whether or not cultured primary murine hepatocytes express mRNAs for diacylglycerol acyltransferase (DGAT), TGH and other carboxylesterase enzymes that may be involved in TG lipolysis and reesterification, and followed the length of time in culture that hepatocytes maintained the expression of these mRNAs. DGAT1 mRNA expression could be detected up to 72 h in cell culture, but declined after 36 h ( fig. 7 ). DGAT2 mRNA expression could be detected in hepatocytes up to 42 h in culture, but DGAT2 expression markedly declined after 30 h in culture ( fig.  7 ). TGH mRNA is expressed for 72 h, but its expression declines after 48 h ( fig. 7) . The other closely related carboxylesterases, Es22 and CES1, were highly expressed in hepatocyte culture for 24 h, after which their expression declined until it was no longer detectable beyond 48 h ( fig. 7) 
Function of TGH in adipose tissue
Adipose tissue forms large intracellular TG droplets. HSL is involved in the mobilization of fatty acids from adipocyte TG stores. However, targeted deletion of the HSL gene eliminated only 50% of the basal TG lipase activity of the adipocyte [21, 22] . Currently, the only additional intracellular neutral TG lipase besides HSL identified within the adipocyte is TGH, suggesting involvement of TGH in the mobilization of fatty acids from adipocyte TG stores [53] . Inhibition of TGH reduced basal free fatty acid release by 3T3-L1 adipocytes and circulating free fatty acid levels in hamsters by ~40% [W. Gao et al. and C. Borg-Capra et al., unpublished]. Therefore, TGH contributes a major proportion of adipocyte basal lipolysis.
Function of TGH in other tissues
TGH has been detected in the small intestine [46, 53] . High levels of TGH expression within murine duodenal/jejunal sections of the small intestine correspond to a previous report that MTP mRNA and protein expression were greatest in the duodenum and jejunum of the hamster small intestine [106] . We hypothesize that the expression pattern of TGH in the murine small intestine suggests a role for TGH in intestinal TG-rich, apoB-containing lipoprotein secretion. It has previously been shown that TG stored within the enterocyte undergoes a lipolysis reesterification cycle prior to TG secretion as an apoB particle [107] much as it does in the liver [39 -41] .
The kidney [108, 109] and heart [110, 111] have been shown to express MTP and possess the ability to secrete apoB-containing lipoproteins. However, a role for TGH in the secretion of TG-rich lipoproteins from these tissues remains to be demonstrated.
When loaded with cholesterol, macrophages accumulate CE-laden lipid droplets. Macrophages that invade the arterial wall and accumulate CE lead to the development of atherosclerotic lesions [5] . Removal of stored CE requires the activity of a neutral CE hydrolase, which may be limiting in macrophage foam cells. It has been reported that HSL is expressed in macrophages [112, 113] . Overexpression of HSL in macrophages increased CE hydrolysis and cholesterol efflux [114, 115] . Furthermore, sterol loading of macrophages decreases HSL expression and CE hydrolase activity, suggesting that HSL represents the major intracellular CE hydrolase activity [116, 117] . Though macrophage CE hydrolysis is unchanged in peritoneal macrophages from HSL null mice, it is unknown whether this is due to a compensatory upregulation of alternate CE hydrolase(s) [21, 118] . When human TGH was expressed in Cos cells, an increase in CE hydrolysis was observed [99] . Further, expression of TGH resulted in increased CE hydrolysis and efflux in CHO cells that have large intracellular CE stores due to ACAT1 overexpression [119] . However, if TGH has substantial CE hydrolase activity, the increased human TGH expression in sterol-loaded macrophages [75, 89] is not consistent with the observed decrease CE hydrolase activity [116, 117] . Several cDNAs and expressed sequence tags (ESTs) encoding TGH have been cloned from different tissues. In addition to the tissues where we detected TGH transcripts by Northern analysis, there is evidence for TGH expression in the mammary gland, skin, olfactory epithelium, salivary gland, eyeball, testis, ovary and uterus. A role for carboxylesterases in the fertility of a diverse group of organisms has been suggested [120] , though a potential function for TGH in the other tissues is more obscure. The development of TGH null mice may provide more insight into what roles TGH activity contributes to these tissues.
Regulation of TGH expression and activity
TGH promoter
To investigate the transcriptional regulation of the TGH gene, human and murine TGH proximal promoters were isolated ( fig. 8 ). The murine TGH promoter sequence [121] shares 59 % identity to orthologous rat [122] and 46 % identity to the human [89] TGH promoters. All three promoters share several common binding sites for transcription factors, suggesting that the orthologous TGH genes have evolutionarily conserved transcriptional regulatory patterns ( fig. 8) . A TATA box does not precede the transcription start site. Potential binding sites for transcription factors include three Sp1 binding sites, a NF-1, a peroxisomal proliferator-activated receptor response element and three sterol response element-like sequences.
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Various studies observed increased expression of rat and mouse TGH mRNA and protein in the liver at the time of weaning, coincident with enhanced ability to secrete VLDL [49, 56, 121, 123] . This age-dependent expression appeared to be related to dietary changes at the time of weaning and independent of hepatic differentiation, since TGH expression was unchanged in regenerating liver that undergoes dedifferentiation and acquires fetal and neonatal features following partial hepatectomy [49] . The murine TGH promoter was utilized to determine whether the increased expression of TGH seen at the time of weaning was linked to transcriptional regulation and to identify potential transcription factors and cis-acting DNA elements that might mediate the observed developmental expression of TGH in liver. Electrophoretic mobility shift assays demonstrated enhanced binding to the murine TGH promoter of hepatic nuclear proteins from 27-day-old weaned mice compared with 7-day-old suckling mice [121] . DNase I footprint analysis localized binding of nuclear proteins to two regions within the promoter: site A, which contains a Sp1 binding site, and site B, which contains a degenerate E-box [121] . Competitive electromobility shift and supershift assays demonstrated that site A binds Sp1 and Sp3 transcription factors and transcriptional activation assays in Schneider SL-2 insect cells demonstrated that Sp1 was a potent activator of the TGH promoter [121] . Sp1 is a ubiquitous nuclear protein that activates the transcription of a wide variety of genes [124] . TATA-less promoters have been shown to be particularly sensitive to regulation by the Sp family of proteins [125, 126] . Alignment of the 5¢ proximal promoters of the murine, rat and human TGH genes demonstrated that regions termed A and B sequences are evolutionarily conserved [121] . Indeed, others have observed that reporter constructs containing the conserved site A sequence activate transcription, while their elimination reduces promoter activity [89, 122] . A role for Sp1 in the phorbol ester-induced differentiation-dependent expression of human TGH in the macrophage THP-1 cell line has been demonstrated [127] . The transcription factor(s) that mediates the induction of murine TGH expression during 3T3-L1 adipocyte differentiation are not known [128] , but are the subject of current investigation in our laboratory. Since TGH expression occurs at a late stage of adipocyte differentiation, clearly peroxisomal proliferator-activated receptor (PPAR)g is potentially involved in the induction of TGH expression in mature 3T3-L1 adipocytes. We explored this possibility using a PPARg agonist that exhibited 1000-fold selectivity over the other receptor isoforms [129] . Though TGH expression was increased when the PPARg agonist was present throughout the differentiation process, we did not observe a direct effect of PPARg on TGH expression [128] .
Regulation by fatty acids and sterols
Both the degree of fatty acid saturation and the addition of cholesterol to a high fat diet modify the impact of the diet on lipid homeostasis. TGH expression was not affected by supplementation of the diet with 20 % fatty acid, regardless of the degree of saturation [128] . Therefore, it appears that a high fat diet does not alter the level of hepatic TGH-mediated lipolysis. PPARs are nuclear hormone receptors that utilize polyunsaturated fatty acids as natural ligands and regulate the expression of a range of genes involved in lipid metabolism (reviewed in [130] ). PPARa agonists, such as the fibrates, have beneficial effects on the plasma lipid profile through the increased oxidation of fatty acids, decreased circulating TG and reduced hepatic and adipose tissue TG storage [131] . Since TGH is involved in mobilizing fatty acids from stored TGs and the murine TGH promoter contains a single PPAR-like response element, we determined whether or not PPARa agonists could regulate hepatic TGH expression in the mouse, utilizing wild-type and PPARa null mice that had received clofibrate in their diet for 14 days. Hepatic TGH protein expression and microsomal esterase activity were not altered by clofibrate feeding or the targeted deletion of the PPARa gene, supporting the idea that PPARa does not directly regulate TGH mRNA expression [128] . Previously, 5 weeks of ex- posure to the PPARa agonist WY-14,643 reduced the expression of murine liver TGH, though differences in TGH expression were not observed at 1 and 3 weeks of exposure [132] . Studies utilizing different peroxisomal proliferator compounds, doses and length of administration observed increased TGH expression in rats [133, 134] and mice [133, 135] . It appears that the changes in TGH expression were observed only during long-term administration of a PPARa agonist and reflect a secondary response. Cholesterol feeding increased murine hepatic TGH expression approximately two-fold when diets were supplemented with fatty acids [128] . The observed induction of TGH expression in response to dietary fats supplemented with cholesterol is consistent with the observed induction of the orthologous human TGH expression by incubation of human macrophages with exogenous low-density lipoproteins [75, 89] . Hypercholesterolemic apoE null mice have a three-fold higher level of hepatic TGH expression than wild-type mice [136] . Chronic biliary diversion and feeding rats cholestyramine increased hepatic TGH expression two-fold [137] . Although sequences that bear some similarity to sterol response elements exist in the murine TGH proximal promoter, the functionality of these sequences has not been directly determined [121] . Sequences located within the 5¢-upstream region of the rat TGH promoter have been demonstrated to act as sterol response elements in HepG2 cells and bind a purified sterol regulatory element-binding protein (SREBP)-2 transcription factor [122, 138] . However, the enforced expression of a nuclear form of SREBP-1a in transgenic mice failed to affect hepatic TGH mRNA expression [R. Lehner and D. E. Vance, unpublished]. Given these contrasting observations, it is unclear whether the cholesterol mediated regulation of TGH expression is due to SREBPs, oxysterol nuclear receptors or an indirect mechanism.
Hormonal regulation of TGH
We have demonstrated that hepatic TGH is subject to regulation by glucocorticoids in the mouse [139] . Glucocorticoids cause an increase in circulating TG and increased TG synthesis and storage [140 -143] . Dexamethasone (Dex) is a potent analog of glucocorticoids (cortisol and corticosterone) and induces similar effects as natural glucocorticoids [143] . TGH mRNA, protein expression and hepatic microsomal esterase activity were decreased by Dex, whereas hepatic microsomal DGAT activity and DGAT-1 and -2 expression were increased [139] . This result correlates with decreased hepatic esterase activity and the results of others that have demonstrated that rat liver TGH expression was reduced by Dex [56, 144, 145] . We determined that the mechanism involved in the Dexinduced decline in TGH expression was a reduction in the mRNA stability of TGH [139] . Three AU-rich elements in the 3¢-untranslated sequence of the murine TGH mRNA were necessary to mediate the destruction of the TGH mRNA in response to Dex [139] . The reduction of TGH expression resulted in a clear suppression of intracellular TG turnover in Dex-injected mice [139] . Since the rate of TG synthesis exceeded the rate of intracellular hepatic TG lipolysis as well as secretion, TG accumulated within the livers of Dex-injected mice. It is possible that these observations are relevant to diurnal changes in hepatic lipid synthesis and secretion that are associated with periodicity of circulating glucocorticoid levels [146 -148] . For example, prior to a meal intake, glucocorticoid levels rise, and this would result in a decrease in hepatic TGH levels and a corresponding increase in lipogenic enzymes such as fatty acid synthase [149] , microsomal phosphatidate phosphohydrolase-1 [150, 151] , DGAT-1 and -2 [139] . Then, during the post-prandial period when circulating nonesterified fatty acid and chylomicron levels are high, the net synthesis of hepatic TG exceeds its disposal via secretion or oxidation, and there is a corresponding increase in hepatic lipid storage [152] . During the postabsorptive period, glucocorticoid levels fall, and this would correspond to a decreased rate of TG synthesis and increased hepatic TGH levels which would be required to utilize stored TG. In the post-absorptive period, hepatic TG secreted in VLDL particles originated from stored TG that had accumulated within the liver post-prandially [2] . Individuals that have elevated levels of glucocorticoids during the post-absorptive period store higher levels of hepatic TG [153, 154] . Whether diurnal changes in TGH expression correlate with diurnal changes in circulating glucocorticoids will be a subject of further investigation. It appears, that increased de novo TG synthesis can overpower the normal regulation of VLDL secretion, as is observed in insulin-resistant states. We have also observed decreased white adipose tissue TGH expression in Dex-injected mice and this may contribute to obesity associated with elevated glucocorticoids [V. W. Dolinsky et al., unpublished]. It is unknown whether insulin can directly regulate TGH expression, though a recent report showed decreased TGH expression in the livers of mice with tumour necrosis factor-a-induced insulin resistance [155] . A combination of increased TG synthesis and decreased TG lipolysis results in hepatic lipid accumulation and altered the balance between the utilization of stored TG versus de novo TG synthesis to supply TG for secretion.
Post-translational regulation of TGH activity
Two consensus sites for N-linked glycosylation have been identified at Asn79 and 489 in murine TGH and one at Asn79 in the human. Glycan detection assay of the human TGH indicates that the mature TGH protein CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article was glycosylated [58] . However, mutation of Asn79 to Ala or Gln did not dramatically reduce human TGH activity, indicating that glycosylation was not necessary for esterase activity [58, 105, D. Gilham et al., unpublished] . The primary sequence of human TGH contains a putative Tyr phosphorylation site at Tyr118, as well as seven potential Ser/Thr consensus sequences for phosphorylation by casein kinase II (CKII). The Tyr118 site is adjacent to the lid domain formed by the loop created by the disulfide bridge between Cys87 and Cys116, potentially regulating the opening of the lid and entry of substrate into the catalytic cleft and the active site. Regulation of enzyme activity via this mechanism is an area of active study in our laboratory. Pertinent to TGH, several CKII target proteins such as the bile salt-dependent lipase are present in the ER lumen [156] . Reversible phosphorylation of rat TGH at Ser506 has been reported to increase CE hydrolase activity in isolated cytosolic fraction by 100 -140 % [70] . This mechanism of increased CE hydrolase activity in response to hormones associated with the fasted state (e. g. glucagon) is reminiscent of mobilization of TG and CE stores from adipose tissue by HSL. Phosphorylation of Ser506 is predicted to induce a conformational change that enhances binding of hydrophobic substrates, though the relevance of the regulation of rat TGH by phosphorylation is questionable, since Ser506 is not present in orthologous TGH amino acid sequences ( fig. 1 ).
Conclusions and future perspectives
The recent characterization of TGH is a major advance since relatively little was known regarding the enzymes that catalyze the lipolysis of stored TG in tissues that do not express HSL. The experiments of our group and others demonstrate that TGH is a lipase, and it hydrolyzes stored TG in the hepatocyte. The role of TGH in other tissues requires further investigation, though preliminary data suggests that TGH hydrolyzes stored TG within the adipocyte. Others have shown that TGH could hydrolyze various xenobiotic ester compounds as well as CE in cholesterol-laden cells.
Given that the X-ray crystal structure explains the mechanism whereby TGH could hydrolyze various chemically diverse compounds, we suggest that endogenous TGH substrates within the cell are defined by the abundance of these molecules in a particular tissue as well as the accessibility to particular substrates as defined by the intracellular location of TGH. When the liver is challenged with xenobiotics, TGH could act in detoxification through the hydrolytic inactivation of these compounds.
Given the large number of hepatic carboxylesterases expressed, further study will be required to identify the endogenous substrates and physiologic functions of these enzymes. Currently, we are determining whether other carboxylesterases and AADA, in addition to TGH, have the ability to hydrolyze intracellular stored TG. Ultimately, the transgenic mice overexpressing human TGH and mice harbouring a TGH null phenotype that are currently being developed in our laboratory will clarify the role of TGH in physiologic processes such as VLDL assembly.
